One of the many parameters that can affect cochlear implant (CI) users' performance is the site of presentation of electrical stimulation, from the CI, to the auditory nerve. Evoked compound action potential (ECAP) measurements are commonly used to verify nerve function by stimulating one electrode contact in the cochlea and recording the resulting action potentials on the other contacts of the electrode array.
One of the many parameters that can affect cochlear implant (CI) users' performance is the site of presentation of electrical stimulation, from the CI, to the auditory nerve. Evoked compound action potential (ECAP) measurements are commonly used to verify nerve function by stimulating one electrode contact in the cochlea and recording the resulting action potentials on the other contacts of the electrode array.
The present study aimed to determine if the ECAP amplitude differs between the apical, middle, and basal region of the cochlea, if double peak potentials were more likely in the apex than the basal region of the cochlea, and if there were differences in the ECAP threshold and recovery function across the cochlea.
ECAP measurements were performed in the apical, middle, and basal region of the cochlea at fixed sites of stimulation with varying recording electrodes. One hundred and forty one adult subjects with severe to profound sensorineural hearing loss fitted with a Standard or FLEX SOFT electrode were included in this study. ECAP responses were captured using MAESTRO System Software (MED-EL). The ECAP amplitude, threshold, and slope were determined using amplitude growth sequences. The 50% recovery rate was assessed using independent single sequences that have two stimulation pulses (a masker and a probe pulse) separated by a variable inter-pulse interval. For all recordings, ECAP peaks were annotated semi-automatically.
ECAP amplitudes were greater upon stimulation of the apical region compared to the basal region of the cochlea. ECAP slopes were steeper in the apical region compared to the basal region of the cochlea and
Introduction
The performance of individuals with a cochlear implant (CI) can vary to a great extent. One of the many parameters that can affect the individual's performance is the presentation of electrical stimulation from the CI to the auditory nerve. The activity of the auditory pathways can be recorded by means of evoked potentials (Brown et al., 1990) . Electrically evoked potentials are a superposition of many small electrical impulses generated by the auditory nerve in response to the presentation of an electrical stimulus (Bahmer et al., 2010a) .
Using neural response telemetry a physiological neural response from the peripheral part of the auditory nerve, the evoked compound action potential (ECAP), can be recorded simply and directly (Lai and Dillier, 2000) . The objective threshold of the ECAP response provides information about the initial elicitation of nerve signals, which can be used in CI fitting to estimate subjective thresholds and the maximum comfortable loudness levels (Eisen and Franck, 2004; Westen et al., 2011) . The latency and the amplitude of these responses can be used for diagnostic purposes in a clinical setting to determine whether a CI is able to stimulate the auditory nerve and whether the auditory nerve is responsive (Bahmer et al., 2010a) .
ECAP recordings are performed by stimulating one electrode contact in the cochlea and recording the resulting changes in voltage over time on another electrode contact within the cochlea. One of the main challenges of taking ECAP recordings is the presence of residual decaying charges produced during stimulation, called stimulation artifact. ECAP amplitudes typically sit on a large stimulation artifact (Westen et al., 2011) . The stimulus artifact has to be removed using an artifact rejection scheme, because the artifact obscures the ECAP response (Westen et al., 2011) and the rejection scheme has an influence on the ECAP recording (Bahmer et al., 2010a (Bahmer et al., , 2010b Klop et al., 2004) .
The alternating-polarity paradigm is the default artifact rejection scheme included in MAESTRO software (MED-EL). Under this paradigm measurements are performed twice using a cathodic/anodic and anodic/cathodic stimulation pulse. Averaging the two measurements, removes the stimulation artifact and the ECAP signal remains (Brown et al., 1990) . The recorded ECAP typically consists of a negative peak (N1) and a positive peak (P2). The negative peak has a latency of 0.2-0.4 ms after stimulus onset (Abbas et al., 2006; Bahmer et al., 2010a) . In some cases, the occurrence of a second positive peak is observed (van den Honert and Stypulkowski, 1984) . Such a pattern has been described as a 'double peak' or a Type II nerve response (Lai and Dillier, 2000) . Stypulkowski and van den Honert (1984) suggest that the double peak arises from two components that could be axonal and dendritic in origin. Using a simple mathematical model which linearly combines two separate waveforms it has been possible to simulate the different types of neural response telemetry waveforms (Lai and Dillier, 2000) . The simulation of the waveforms by Lai and Dillier (2000) supports the 'two-component' hypothesis indicating that the response most likely originates from the axonal and dendritic processes. Furthermore, Westen et al. (2011) assumed that ECAP amplitudes have a linear relationship with the number of excited fibers. This is based on the unitary response theory, a concept proposed by Goldstein and Kiang (as cited in Stypulkowski and van den Honert, 1984) , which proposes that each nerve fiber contributes equally to recordings of acoustic ECAP (Westen et al., 2011) . Several authors indicate that more apical contacts elicit a greater ECAP response (Botros and Psarros, 2010; Frijns et al., 2002) . This consequently leads to the presumption that there is greater neural survival in the apex of the cochlea.
Other studies also indicate that the ECAP amplitude gets smaller the farther the recording electrode is from the stimulating electrode (Abbas et al., 1999; Cohen et al., 2004; Frijns et al., 2002) . However, it is not known what factors exactly could influence differences in ECAP signals along the cochlea. Furthermore, as outlined previously by Brill et al. (2009) , many studies are limited by the extent to which the length of the cochlea was stimulated and thus, the effect of stimulation at the apex could not be investigated. Firstly, many studies employ electrodes of limited length (Brill et al., 2009) , and secondly, the length of the cochlea differs greatly between individuals (Erixon and Rask-Andersen, 2013; Franke-Trieger et al., 2014; Franke-Trieger and Murbe, 2015; Würfel et al., 2014) .
The present study employed an electrode array of 31.5 mm, of which at least 27 mm had to be inserted into the cochlea (i.e. a maximum of two extra-cochlear electrodes was allowed). We aimed to determine the effects of stimulation intensity and the site of stimulation (basal, middle, apex) on ECAP response (amplitude, threshold, slope, recovery function, recovery sequences) and the incidence of double peaks. We hypothesized that there would be differences in ECAP threshold and recovery function depending on whether the apex, middle, or basal region of the cochlea was stimulated, and that the incidence of double peaks increased with stimulation intensity.
Methods Subjects
This study was a prospective multicenter study including 136 adult participants (70 male, 66 female), with severe to profound sensorineural hearing loss. Included were five participants (one male, four female) that were bilaterally implanted and tested on both ears. Thus, n = 141 ears were tested in this study. The subjects were implanted with a PULSAR CI 100 (n = 63) or SONATA TI 100 (n = 78) CI Table 1 .
Adult subjects with at least 10 active electrodes in the last telemetry recording; active electrodes 1, 2, and 3 (1-12: numbered from apex to base); and, without apical electrode tip fold-over (as determined by X-ray), were included in this study. Depth of insertion data are included in Tables 2 and 3. Testing was conducted in one test interval at a routine visit for follow-up. Written informed consent was obtained from each subject for the inclusion of their data in this study. Institutional Review Board (IRB) approval was obtained for each participating center.
ECAP measurements
Before ECAP testing, the integrity of the implant was verified and impedances on electrodes were determined using the telemetry function of the CI. ECAP responses were captured using MAESTRO System Software version 3.01 or 4.0 and a Diagnostic Interface Box II. Datasets were exported using the 'Scientific XML' export scheme and imported into custom software for evaluation.
Compound action potentials were evoked in the cochlea by stimulating three different electrodes of the implanted array (Fig. 1 ). In the apical region, stimulation was performed on electrode 2, in the middle region stimulation was performed on electrode 5, and in the basal region stimulation was performed on electrode 10. In the apical region, electrode 2 was chosen to allow recordings more apical than the stimulation electrode. The maximum amplitudes used to elicit an ECAP response were adjusted to the patients maximum comfort level for all three stimulating electrodes individually using the 'Loudness tool', a feature of the MAESTRO software used to 'play' a sequence simulating an ECAP measurement at the currently selected maximum amplitude to the patient. Biphasic stimuli of 30 μs phase duration were used, with an alternating-polarity paradigm, averaging over 25 iterations, with a 10 ms measurement gap, and a stimulation rate of 45.1 pulses/ second. In the MAESTRO platform; stimulation levels are adjusted in charge units (qu). Charge units are the product of the amplitude of the stimulus current and the pulse width divided by 1000 (i.e. amplitude current × pulse width/1000) (Wolfe and Schafer, 2010) . Amplitude growth functions (AGFs), recording sequences usually consisting of a single recording with one stimulation pulse followed by an ECAP measurement, were measured using 10 equidistant stimulation levels between 0 qu and the maximum comfort level on all other active electrodes of the array. Recovery sequences were measured with inter-pulse intervals of 300, 500, 750, 1000, 1500, 2500, 5000, and 8000 μs to determine the refractory behavior of the cochlear nerve. Recovery sequences consist of independent single sequences that have two stimulation pulses (a masker and a probe pulse) separated by a variable inter-pulse interval followed by an ECAP measurement. The artifact rejection scheme used was alternating polarity. Two recordings following a single (AGF) or double-pulse (recovery sequence), one where stimulation pulses were anodic-cathodic, and one where those pulses were cathodic-anodic were processed to get a single ECAP recording ( Fig. 2A and B) . For recovery sequences, an electrode was used for stimulation and one of the adjacent electrodes was used for recording. Then, the same electrode that had been used for stimulation was again used for stimulation, and the other adjacent electrode was used for recording.
Within the custom software minima and maxima of individual ECAP measurements of both, AGF and recovery sequences were assigned semi-automatically. Alternating polarity and zero amplitude template artifact reduction paradigms were automatically applied to all ECAP recordings. If necessary the scaled template artifact reduction paradigm was performed after visual inspection. All artifact reduction paradigms were used in the same way as these are available in the default setting of the MAESTRO System Software (Fig. 3) .
Maximum ECAP amplitudes (qu), thresholds (qu), and slopes (μV/qu) were calculated automatically by the computer software for AGFs with a clear neural response as determined by visual inspection (for details see analyses and Fig. 2A ). The inter-pulse interval corresponding to 50% of the maximum amplitude (IPI50) was calculated for each recovery sequence with a clear neural response as determined by visual inspection (for details see analyses, Fig. 3 ).
Analyses
Descriptive statistics were used to report demographic and baseline characteristics. Quantitative data are presented as mean, standard deviation (SD), and range (minimum and maximum); qualitative data are presented as absolute and relative frequencies. Inferential statistics were used to present ECAP recordings (i.e. ECAP AGF and recovery function) and ECAP signals.
ECAP amplitudes were calculated as the difference in voltage between the minimum N1 and the maximum P2, at each stimulation intensity, in a particular AGF. All recorded amplitudes were plotted against the stimulation charge, a sigmoid curve fitted by a least-square algorithm and tangent line at the inflection point was calculated (Fig. 4) . The sigmoid curve is fitted by the following equation, using four heuristically chosen parameters representing electrophysiologic properties of the stimulated neural population:
'V neural activity ' represents the average of all ECAP amplitudes below threshold and reflects the spontaneous neural activity (without electrical stimulation) in μV; 'k' represents the rate of change per stimulation unit within the dynamic range of the modeled neural population in 1/nC; 'C' represents the maximal compound action potential observable at the recording electrode in μV; and 'stimulation charge inflection point ' corresponds to the midpoint (inflection point) of the sigmoidal function.
The amplitudes of the recovery sequences were plotted against time between stimulation pulses (300-8000 μs) for the two nearest electrodes to electrodes which had been used for stimulation. For the purposes of determining the IPI50, the following fitting function described by Battmer et al. (2004) was used:
where 'A' describes the maximal amplitude reached; '∝' describes the speed of recovery; and 't0' describes the absolute refractory period (Miller et al., 2008) . The IPI50 is defined as the inter-pulse time where the amplitude reaches 50% of the maximum amplitude ('A'), (Fig. 5) . Double peaks were classified in this study as described by Lai and Dillier (2000) . The incidence of double peaks was plotted versus the stimulation amplitude and recording electrode. The analyses of ECAP amplitude, threshold, slope, and recovery sequence parameters were limited to ECAP responses where measurements were available for all three regions stimulated (apical, middle, basal). For analyses, the ECAP response must also show a clear neural response. ECAP measurements with a clear neural response were determined by visual inspection by a team of experts. ECAP measurements with little or no artifact, as determined by the experts, were selected for further analyses.
Only data with no double peak measurements were used for the ECAP analyses; with the exception of the comparison analyses of double peak measurement data.
ECAP amplitudes were grouped according to their respective stimulation intensities and analyzed per region (basal, middle, or apex) and according to the mean of the basal, middle, and apical region combined. Univariate analyses of variance, with the cochlear region as factor, were performed for each test condition. A post hoc analysis to detect differences between the individual regions of stimulation was performed using independent sample t-tests. Adjustments for multiple comparisons were performed using Bonferroni corrections. A P-value of <0.05 was considered statistically significant.
Results

ECAP amplitudes
Positive ECAP responses were recorded for 91.5% of all the ears tested, 83.6% of all stimulating electrodes tested and 72.6% of all AGFs in this study.
Seventy-six percent of all ECAP recordings with a clear neural response were made with a stimulation intensity of between 10 and 25 qu, 4% of recordings were below 10 qu, and 20% of recordings were performed at more than 25 qu. The stimulation intensity had a significant effect on the ECAP amplitude in the basal (P < 0.001), middle (P < 0.001), and apical region (P < 0.001) of the cochlea. The effect of stimulation intensity at the different regions on ECAP amplitude is shown in Table 4 . At a stimulation intensity of 10-25 qu there was a significant difference between regions in ECAP amplitude (F (1,2865) = 27.28, P < 0.001). The ECAP amplitude was significantly different between the basal versus the middle (P < 0.001), basal versus the apical (P < 0.001), and apical versus the middle (P < 0.001) region of the cochlea (Fig. 6 ).
ECAP thresholds
ECAP thresholds were dispersed over a wide range in the basal, middle, and apical region of the cochlea (Fig. 7A) . The mean ECAP threshold in the basal region of the cochlea was 12.7 ± 3.1 qu, 11.7 ± 3.9 qu in the middle, and 12.0 ± 3.1 qu in the apical region of the cochlea. The region of stimulation had a significant effect on the ECAP threshold (F (1,464) = 3.52, P = 0.030). The ECAP threshold was significantly different between the basal versus the middle region of the cochlea (P = 0.011). Comparison of the ECAP thresholds upon stimulation of the basal 275.5 ± 135.6 (n = 64) 10 < qu < 25 238.2 ± 284.1 189.7 ± 205.6
160.6 ± 167.5 versus the apical region of the cochlea (P = 0.054) and upon the stimulation of the apical versus the middle region of the cochlea (P = 0.387) were not significantly different.
ECAP slopes
The mean ECAP slope in the basal region of the cochlea was 37.06 ± 23.6 μV/qu, 40.5 ± 29.7 μV/qu in the middle, and 67.1 ± 54.6 μV/qu in the apical region of the cochlea (Fig. 7B) . The region of stimulation had a significant effect on the ECAP growth function (ECAP slope) (F (1,464) = 28.03, P < 0.001).
There was a significant difference between the basal and apical region (P < 0.001), and middle and apical (P < 0.001) region in the ECAP slope. The ECAP slope of the basal region was not significantly different from the ECAP slope of the middle region (P = 0.269).
Recovery sequence parameters
Results of the 50% recovery sequence parameters are shown in Table 5 . ECAP recovery sequences were detected in 49 out of 94 subjects in all three regions of the cochlea that were stimulated (52.1%).
Responses were recorded for 23 subjects in the basal region (24.5%), 20 subjects in the middle region (21.3%), and 19 subjects in the apical region (20.2%).
Recovery inter-pulse interval
The 50% recovery inter-pulse interval was 1032.99 μs in the basal region of the cochlea, 1042.4 μs in the middle, and 1158.3 μs in the apical region of the cochlea. The region of stimulation had a significant effect on the recovery function (F (1, 360) = 4.60, P = 0.011) (Fig. 7C) . Stimulation of the basal region of the cochlea yielded a significantly lower 50% recovery function compared to stimulation of the apical region of the cochlea (P = 0.007). Similarly, stimulation of the middle region of the cochlea yielded a significantly lower 50% recovery function than stimulation of the apical region (P = 0.013).
ECAP double peaks
The incidence of double peaks was greatest in the middle region (18.4%). The apical region had almost half the incidence of double peaks as the middle region (10.1%). The basal region had the least incidence of double peaks (7.1%) ( Table 6 ). The detection of a double peak increased with increasing stimulation intensity and with the distance from the stimulating electrode, when the apical electrode and the middle electrode were used for stimulation.
The detection of double peaks per stimulation intensity relative to the stimulation electrode and recording electrode is plotted in Fig. 8 . Fewer double peaks were observed when the basal electrode was used for stimulation. Increasing the distance between the stimulating electrode and the recording electrode increased the incidence of double peaks. Increasing the stimulation intensity did not appear to have a pronounced effect on the incidence of double peaks.
Discussion
In this study ECAP measurements were performed with a fixed site of stimulation in the apical, middle, and basal region of the cochlea and varying recording electrodes. The ECAP measurements showed that there were differences in ECAP recordings when different regions of the cochlea were stimulated. ECAP amplitudes were greater in the apical region of the cochlea compared to the basal region. ECAP slopes were steeper in the apical region compared to the basal region of the cochlea and ECAP thresholds were lower in the middle region compared to the basal region of the cochlea. Overall, the region of stimulation had a significant effect on the ECAP threshold. Double peak responses occurred less frequently than single peak ECAP responses. However, the incidence of double peaks increased the greater the distance between the stimulating and recording electrode. The incidence of double peaks was greater in the middle region than the apical or basal region of the cochlea. The positive ECAP responses, recorded in the present study (91.5% for all implants, 83.6% of stimulating electrodes, and 72.6% of recording electrodes) were within the range of those reported previously elsewhere (Cafarelli Dees et al., 2005; Van Den Abbeele et al., 2012) . In cases where 'no response' was detected, the stimulation level was so low that there was no visible ECAP response. A recent publication by Brill et al. (2009) has shown that the ECAP amplitude was significantly greater in the apex of the cochlea. Similarly, studies employing other CI systems have shown increased ECAP amplitudes in the more apical electrodes (Frijns et al., 2002; Polak et al., 2004) . Likewise, the present study indicates that the Figure 7 (A) ECAP thresholds, (B) slopes, and (C) 50% recovery function, relative to the region stimulated. Stimulation-recording electrode pairs were 2-3, 5-6, and 10-11, for the apical, middle, and basal region, respectively. Mean values are depicted using black squares and median values using horizontal lines. Black circles represent data outliers. ECAP responses were greater in the apical region of the cochlea compared to the basal region. Based on the hypothesis that each nerve fiber contributes equally to the recorded ECAP (the unitary response theory) (Westen et al., 2011) , we can postulate that there is a greater density of excitable neural tissue for stimulation in the apical region or that there is a higher percentage of neuronal survival in this area of the cochlea for apical stimulation electrodes. Indeed, Brill et al. (2009) already proposed that a growth in ECAP responses in response to increasing stimulus could be attributed to neural survival and could be used as an indicator for the potential to better performance. The steeper slope of the ECAP growth function is also suggestive of a greater number of neuronal cell stimulation in the apical region, because the slope of the ECAP growth function is correlated with 'an increase in the number of neurons that respond to every increment in stimulation level' [as cited in (Brill et al., 2009) ]. However, as pointed out by Brill et al. (2009) spiral ganglion cells do not extend into the apical region of the cochlea. The predominant population of nerve cells in the apical region is the afferent peripheral axons. However, it is possible that other neural cell populations could trigger action potentials that cannot be distinguished from the auditory nerve cell potentials. The population of nerve cells stimulated depends upon the distance between the stimulating and recording electrode. This hypothesis is based on Lai and Dillier's 'two-component' model (2000) which posits the existence of two different neural populations, one closer and one further from the site of stimulation. This may, however, be an unlikely explanation, since Lai and Dillier themselves regarded that hypothesis as too simplistic.
The arrangement of the neurons and differences in their innervation of hair cells in the cochlea could also account for differences in the region of stimulation on the recovery inter-pulse interval and the occurrence of double peaks (Berglund and Ryugo, 1987; Lavigne-Rebillard and Pujol, 1988) . The exact mechanism of this is unknown; however it is possible that different populations of spiral ganglion cells are stimulated depending on the placement of the stimulation electrode and the electrical field generated in the cochlea upon stimulation through the CI. The neurons (Type I versus Type II) likely respond with different characteristics upon electrical stimulation (Kiang et al., 1982; Stypulkowski and van den Honert, 1984) . When the apical and middle region of the cochlea were stimulated the detection of double peaks increased with increasing stimulation intensity and with the distance from the stimulating electrode. However, although double peak responses were observed in the study, the overall incidence of double peaks was much lower than single peak ECAP responses. This is not uncommon; other authors indicate that single peak responses account for more than 80% of all visible ECAP recordings (Cafarelli Dees et al., 2005; Lai and Dillier, 2000; Miller et al., 2008) . Brill et al. (2009) suggested that the significant increase in ECAP amplitude towards the apical region could be attributed to the narrower distance in the apex of the cochlea between the recording electrode and the stimulated neural tissue. If this were the case, it could account for the lower ECAP threshold that was observed upon stimulation of the middle region of the cochlea in contrast to the basal region of the cochlea in the present study. Considering the smaller diameter of the apex the stimulating electrode is likely to be closer to the modiolar wall. The proximity to the modiolar wall may affect the ECAP response. Conversely, where the stimulating electrode lies further from the modiolar wall a decreased ECAP response may be observed.
We suspect that greater amplitude responses and steeper slopes at the apex of the cochlea are most likely as a result of a combination of greater neural survival and the proximity between stimulating electrode and the modiolar wall.
A lower number of visible ECAP recordings often occur when a very high stimulation levels is used and the stimulation artifact masks the ECAP signal. Another possible explanation for a low number of usable ECAP recordings is a saturation effect in individuals. Thus, a more individualized approach to stimulation parameters might have led to a higher success rate in the present study, especially if subjects had been allowed to adapt to loudness perception with the pulse rates used for ECAP measurements. The wide degree of inter-individual variation seen upon closer analyses also supports an individualized approach.
The ECAP recording could be used to determine the level of stimulation along the cochlea (Brill et al., 2009) , although significant variation amongst patients exist; particularly between adults and children (Dorman et al., 2007; McKay et al., 2013; Pfingst and Xu, 2005; Pfingst et al., 2004) ; there is evidence that indicates that ECAP measurements can be used to estimate the required stimulation and are a good indicator of post-operative performance (Cafarelli Dees et al., 2005; Eisen and Franck, 2004; Kim et al., 2011; Van Den Abbeele et al., 2012) . The presence of an increased ECAP amplitude and steeper slope in the apical region of the cochlea, in the present study, supports the usefulness of ECAP recordings in the apical region of the cochlea.
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